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Large ion Coulomb crystals: a near-ideal medium for coupling optical cavity modes to
matter
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We present an investigation of the coherent coupling of various transverse field modes of an optical
cavity to ion Coulomb crystals. The obtained experimental results, which include the demonstration
of identical collective coupling rates for different transverse modes of a cavity field to ions in the
same large Coulomb crystal, are in excellent agreement with theoretical predictions. The results
furthermore suggest that Coulomb crystals in the future may serve as near-ideal media for high-
fidelity multi-mode quantum information processing and communication purposes, including the
generation and storage of single photon qubits encoded in different transverse modes.
PACS numbers: 42.50.Pq,37.30.+i,42.50.Ct
For the field of quantum information to mature to a
practical stage, where complex computational tasks [1]
and quantum information networks [2] can be realized,
careful attention has to be paid to the actual quality
of the physical systems involved. While the ideal system
for carrying out serious quantum computational tasks has
yet to be singled out, photons remain uncontested in their
position as the ideal carriers of quantum information over
large distances. Consequently, there is a clear need for
identifying high quality physical media suitable for e.g.
single photon generation and storage as well as for the
realization of quantum repeaters.
Among the systems under consideration (e.g systems
discussed in Ref. [2, 3]), a single ion in an optical cav-
ity appears to be an excellent candidate for such real-
izations [4, 5, 6, 7]. In addition, larger ensembles of
cold trapped ions in the form of so-called Coulomb crys-
tals [8, 9, 10] in cavities may afford new opportunities
for not only single-, but also multi-mode quantum infor-
mation purposes, due to the combination of their solid
state properties, including long term stability and uni-
form ion density throughout the crystal, and their sin-
gle isolated particle features, i.e. no significant internal
state perturbations due to interactions between the in-
dividual ions [11]. These features are relevant for e.g.
encoding quantum information in orthogonal transverse
spatial modes in contrast to the usual application of fre-
quency and polarization degrees of freedom [12, 13]. In
addition, coupling to multiple modes may have applica-
tions even outside of the context of quantum information,
for e.g. quantum imaging [14, 15] and cavity mediated
cooling [16, 17, 18].
Important steps towards the realization of high quality
single-mode quantum devices based on an ion Coulomb
crystal in a cavity were very recently taken, by demon-
strating that the collective strong coupling regime of Cav-
ity Quantum ElectroDynamics [19] can be reached with
large ion Coulomb crystals interacting with a cavity field
at the single photon level in the fundamental TEM00
mode of an optical cavity [11].
In this paper, the potential of ion Coulomb crystals as
a media for multi-mode quantum interfaces is explored by
a thorough experimental investigation characterizing the
coupling of the TEM00 and TEM10,01 transverse cavity-
mode fields at the single photon level to ion Coulomb
crystals of various dimensions.
Using needle shaped crystals aligned along the cavity
axis with a diameter smaller than the waist characteriz-
ing the Hermite-Gaussian TEMmn field modes, detailed
information on the coupling strength can be obtained
through changing the position of the Coulomb crystal in
the plane perpendicular to the cavity axis. Since through
this procedure the crystal is moved into regions of dra-
matically varying micromotion induced by the trapping
fields, the influence of this quiver motion on the coupling
strength can be judged. In complementary experiments,
the scaling of the coupling strength with respect to the
crystals radial size for different modes has been investi-
gated using Coulomb crystals with the central axis kept
fixed in position and length in order to determine if and
when convergence of the coupling strengths is reached.
Finally, a precise measure of the coherent coupling rate
for both modes is obtained in the regime where the cou-
pling is expected to be independent of the cavity field
mode (i.e. the radius of the crystal is large compared
to the cavity mode waist), and additionally the num-
ber of ions is sufficient to attain useful optical densi-
ties. Throughout, comparison with theory is made to
find near-perfect agreement in all instances.
In Fig. 1a schematic of the experimental setup is
shown. The trap used is a linear rf trap with an opti-
cal cavity incorporated in between the four segmented
electrode rods [20], such that the cavity axis is parallel
to the trap’s rf field-free axis (z-axis). 40Ca+ ions are
loaded into the trap via resonant two-photon photoion-
ization [20] and subsequently Doppler cooled on the 4s
2S1/2-4p
2P1/2 transition using two counter-propagating
397 nm laser beams while repumped on the 3d 2D3/2− 4p
24s 2S1/2
4p 2P1/2
3d 2D3/2
866 nm
397 nm
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FIG. 1: (color online.) (a)Schematic diagram of the experi-
mental set-up with the linear rf trap incorporating an optical
cavity along its rf-field-free axis (z-axis). One of the cav-
ity mirrors is mounted on a piezoelectric transducer (PZT)
allowing for tuning of the cavity resonance around the 3d
2D3/2− 4p
2P1/2 transition of
40Ca+. Also shown is the loca-
tion and direction of the laser beams used in the experiment.
(b) End-view schematic: The crystals can be displaced in the
(xy)−plane by application of appropriate dc voltages to two of
the segmented electrode rods, their position and size is moni-
tored using two CCD cameras. (c) Relevant energy levels for
the 40Ca+ ion.
2P1/2 transition with a 866 nm laser beam [11]. After the
ions are cooled into a crystalline state, they are prepared
by optical pumping with an efficiency of ∼ 97% into
the mJ = +3/2 magnetic sub-state of the long-lived
metastable D3/2 level [11]. The optical cavity consists of
two mirrors with a radius-of-curvature of 10 mm, which
are separated by 11.8 mm. The cavity has a finesse of
3000 for light at the wavelength of 866 nm used to in-
duce the coupling to the 40Ca+ ions via the 3d 2D3/2− 4p
2P1/2 transition. The Hermite-Gaussian TEMmn modes
at this wavelength have a waist of w0 = 37 µm and a
Rayleigh range zR ∼ 5 mm.
The coherent coupling is measured by injecting a weak
probe laser pulse around 866 nm into the cavity, and de-
tecting the transmitted light by an avalanche photodiode
(APD) after spatial and spectral filtering.
The probe pulse is mode-matched to a given transverse
mode of the cavity, and its intensity is chosen such that
the mean photon number in the cavity is about or less
than one at all times. The probe polarization is left-
hand circularly-polarized in order to obtain the strongest
interaction with the ions optically pumped into themJ =
+3/2 magnetic sub-state of the D3/2 level.
In a typical experiment, the cavity is scanned 1.2 GHz
across the atomic resonance at a repetition rate of 30 Hz,
while a sequence including cooling (5 µs), optical pump-
ing (12 µs) and probing (1.4 µs) is repeated at a 50 kHz
rate. The cavity transmission spectrum is constructed
by averaging the signals obtained from typically a few
hundred scans of the cavity.
In order to compensate for thermal drifts and mechan-
ical vibrations of the cavity during the experiments, a
stronger laser beam not interacting with the ions (wave-
length 894 nm) is injected into the cavity and detected
in transmission for reference.
For a certain frequency of the probe pulse, the trans-
mission spectrum of the scanned cavity is expected to
have a Lorentzian shape, but with a half-width depen-
dent on the coherent coupling to the ions in the Coulomb
crystal. This half-width can formally be written as [11]
κ′ = κ+G2mn
γ
γ2 +∆2
(1)
where Gmn is the collective coherent coupling rate with
the TEMmn mode considered, κ = (2pi)2.15 MHz is the
cavity natural linewidth, γ = (2pi)11.2 MHz is the optical
dipole decay rate of the 3d 2D3/2−4p 2P1/2 transition and
∆ is the detuning of the probe pulse with respect to the
atomic resonance. For ion Coulomb crystals in a linear rf
quadrupole trap, which typically have a spheroidal shape
with an uniform density ρ [10], the coherent coupling
rate is given by
G2mn(x0, y0) = g
2ρ
∫
V
drΨ2m(x− x0, z)Ψ2n(y − y0, z) sin2
[
kz − (m+ n+ 1) tan−1 z
zR
+ k
(x− x0)2 + (y − y0)2
2r(z)
]
(2)
where x0 and y0 represent the radial offsets of the crystal
center axis with respect to the cavity mode symmetry
axis, g is the single-ion coupling strength at an anti-
node in the center of the fundamental TEM00 mode,
V = 4piR2L/3 is the volume of the spheroidal crystal
with half-length L and radius R and Ψl is the Hermite-
Gaussian mode-function
Ψl(u, z) =
√
w0
w(z)
Hl
(
u
√
2
w(z)
)
exp
(
− u
2
w(z)2
)
(u = x, y)
withHl being the lth Hermite polynomial, w(z) = w0(1+
z2/z2R)
1/2 and r(z) = z + z2R/z.
Of particular relevance for evaluating the applicability
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FIG. 2: (color online.) (a) Projection image in the (xz)−plane
of the thin needle-shaped crystal used for the data in Fig. 2b.
(b) Normalized coherent coupling strengths G200 (solid) and
G210 (open) as a function of the displacement of the needle-
shaped crystal along the x (circle) and y (square)-axes. The
solid lines are derived from the theoretical expression given in
Eq. (2).
of the system as a transverse multi-mode light-matter in-
terface is the case of R≫ w0, in which according to Eq. 2
the coupling strengths of the different transverse modes
to the crystal are expected to converge. However in or-
der to achieve convergence, the effect of micromotion of
the individual ions, including those located far from the
trap axis, on the coupling strength must be negligible.
To evaluate this effect, a thin needle-shaped spheroidal
Coulomb crystal, with half-length L = 240 ± 1 µm and
radius R = 21 ± 1 µm (Fig. 2a), is translated radially
across the cavity mode-volume by the application of ap-
propriate dc voltages to two of the segmented electrode
rods (Fig. 1b). The displacement of the crystal in the
transverse (xy)−plane is determined by imaging the 397
nm fluorescence light emitted during cooling onto two
CCD cameras. (See sketch in Fig. 1b.) The precision in
reading the position of the crystal is ±0.8 µm [21].
In Fig. 2b the measured coupling strengths using the
Coulomb crystal shown in Fig. 2a is presented in terms of
G2mn normalized to G
2
00(x0 = 0, y0 = 0) for the TEM00
and TEM10 modes. For each position of the crystal,
the coherent coupling strength is measured through the
broadening of the probe pulse transmission signal (Eq. 1)
with the probe tuned to the atomic resonance (∆ = 0).
The experimental data is shown to agree very well with
the theoretical predictions of Eq. (2) with mode-functions
derived from the cavity geometry, the crystal size and
shape obtained from CCD images and the density of the
ions determined from the trapping parameters [21]. Since
the amplitude of the radial micromotion increases with
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FIG. 3: (color online.) Normalized coherent coupling
strengths G200 (solid) and G
2
10 (open) as a function of the
crystal radius R, for crystals with a fixed length of 2L =
672 ± 1µm. The solid lines are derived from the theoretical
expression given in Eq. (2)
the ions’ distance from the rf-free z-axis, strong system-
atic deviations would have been expected at large dis-
placements if micromotion was an issue. This result im-
portantly indicates that the inevitable radial micromo-
tion of ions in linear rf traps does not couple significantly
into their axial motion.
To what extent ion Coulomb crystals constitute a near-
ideal media with respect to coherent coupling to various
cavity modes has further been investigated by measuring
the coherent coupling strength using ion Coulomb crys-
tals with fixed length 2L = 672±1 µm, but with varying
radii. The resulting coherent coupling strengths for the
TEM00 and TEM10 mode cases are shown in Fig. 3. The
density of all the crystals is ρ = 3.8×108 cm−3, and their
rotational symmetry axes coincide with that of the cavity
mode (x0 = y0 = 0 in Eq. (2)). As expected, the increase
in the coupling strength as a function of the radius is
slower for the TEM10 than for the TEM00, since ions at
the center of the cavity mode contribute much less to the
coupling for the former. However, the coupling strengths
converge to the same value for both modes for crystals
with large radii, in good agreement with the theoretical
predictions of Eq. (2).
Finally, to carefully check the prospect of using large
ion Coulomb crystals as a media for multi-mode light-
matter interfacing, a precise measurement of the coher-
ent coupling rates for both modes was obtained by again
measuring the broadening of the probe pulse transmis-
sion signal but this time for a series of detunings of the
probe pulse from atomic resonance, ∆. To obtain high
optical densities, in this experiment, a crystal with a
larger density (ρ = 5.4 × 108 cm−3) and almost twice
the length (2L = 1.2 mm) of the crystals used in the
previous experiment was used. In Fig. 4, a projection
image of this crystal is shown together with images in-
dicating the position of the TEM00 and TEM10 modes
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FIG. 4: Projection images in the (xz)−plane of the 1.2 mm-
long Coulomb crystal used for the measurements in Fig. 5,
when (a) the whole crystal is illuminated by 866 nm repump-
ing light along the x-axis, (b,c) repumping light at 866 nm is
predominantly injected into the (b) TEM00 and (c) TEM10
cavity modes, for enhancing the fluorescence level within these
modes.
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FIG. 5: (color online.) Broadening of the probe signal half-
width κ′ − κ as a function of the probe detuning ∆, for the
TEM00 (solid) and the TEM10 (open) modes, obtained with
the crystal of Fig. 4. The collective coupling rates are deduced
from Lorentzian fits according to Eq. 1 (solid lines).
applied in the experiments. The results are presented in
Fig. 5 together with Lorentzian fits to the data based on
Eq. 1. With Gmn and γ as free fitting parameters, we ob-
tain (G00 = (2pi)11.6±0.1 MHz, γ = (2pi)11.3±0.3 MHz)
and (G10 = (2pi)11.5±0.1 MHz, γ = (2pi)11.4±0.3 MHz)
for the TEM00 and TEM10 mode, respectively. The col-
lective coupling rates, G00 and G10, are strikingly iden-
tical. The obtained G00 and G10 correspond to optical
depths G2/κγ ≃ 4.5, but could easily be made larger as
is presented in Ref. [11]. Furthermore, an equal coupling
strength was also observed for the TEM10 and the TEM01
mode, indicating that ion Coulomb crystals open up for
e.g. the possibility of storing photonic qubits encoded in
a spatial basis spanned by these two modes.
In conclusion we have shown that ion Coulomb crys-
tals are an ideal system for obtaining high and uniform
coupling strengths to the field of an optical cavity inde-
pendent of the transverse mode. The achieved excellent
agreement between experimental data and theoretical
predictions confirm that the presence of the rf-trapping
fields does not significantly alter the coupling strengths
even for ions far from the trap axis. These results com-
bined with previously measured long collective Zeeman
sub-state coherence times [11] clearly indicate that ion
Coulomb crystals should be able to serve as near-ideal
media for high-fidelity multi-mode quantum information
processing and communication devices.
We acknowledge financial support from the Carlsberg
Foundation and the Danish Natural Science Research
Council through the ESF EuroQUAM project CMMC.
[1] M. A. Nielsen and I. L. Chuang, Quantum Computation
and Quantum Information (Cambridge University Press,
2000).
[2] H. J. Kimble, Nature 453, 1023 (2008).
[3] B. Lounis and M. Orrit, Rep. Prog. Phys. 68, 1129
(2005).
[4] G. R. Gutho¨hrlein, M. Keller, K. Kayasaka, W. Lange,
and H. Walther, Nature 414, 49 (2001).
[5] M. Keller, B. Lange, K. Hayasaka, W. Lange, and
H. Walther, Nature 431, 1075 (2004).
[6] A. Kreuter et. al, Phys. Rev. Lett. 92, 203002 (2004).
[7] D. R. Leibrandt, J. Labaziewicz, V. Vuletic´, and I. L.
Chuang (2009), arXiv:0905.0148.
[8] D. J. Wineland, J. C. Bergquist, W. M. Itano, J. J.
Bollinger, and C. H. Manney, Phys. Rev. Lett. 59, 2935
(1987).
[9] G. Birkl, S. Kassner, and H. Walther, Nature 357, 310
(1992).
[10] M. Drewsen, C. Brodersen, L. Hornekær, J. S. Hangst,
and J. Schiffer, Phys. Rev. Lett. 81, 2878 (1998).
[11] P. F. Herskind, A. Dantan, J. P. Marler, M. Albert, and
M. Drewsen, Nature Phys. 5, 494 (2009).
[12] D. V. Vasilyev, I. V. Sokolov, and E. S. Polzik, Phys.
Rev. A 77, 020302 (2008).
[13] M. F. Andersen, C. Ryu, P. Clade´, V. Natajaran,
A. Vasiri, K. Helmerson, and W. D. Phillips, Phys. Rev.
Lett. 97, 170406 (2006).
[14] M. I. Kolobov and C. Fabre, Phys. Rev. Lett. 85, 3789
(2000).
[15] V. Boyer, A. M. Marino, and P. D. Lett, Phys. Rev. Lett.
100, 143601 (2008).
[16] V. Vuletic´, H. W. Chan, and A. T. Black, Phys. Rev. A
64, 033405 (2001).
[17] P. Horak and H. Ritsch, Phys. Rev. A 64, 033422 (2001).
[18] D. Kruse and et. al, Phys. Rev. A 67, 051802 (2003).
[19] S. Haroche and J. Raimond, Exploring the Quantum:
Atoms, Cavities, and Photons (Oxford University Press,
USA, 2006).
[20] P. F. Herskind, A. Dantan, M. B. Langkilde-Lauesen,
A. Mortensen, J. L. Sørensen, and M. Drewsen, Appl.
5Phys. B 93, 373 (2008).
[21] P. F. Herskind, A. Dantan, M. Albert, J. P. Marler, and
M. Drewsen, J. Phys. B 42, 154008 (2009).
